We applied a multiple linear regression model to understand the relationships of PM 2.5 with 18 meteorological variables in the contiguous US and from there to infer the sensitivity of PM 2.5 19 to climate change. We used 2004 -2008 observations from ~1000 sites (~200 sites for 20 PM 2.5 components) and compared to results from the GEOS-Chem chemical transport model 21 (CTM). All data were deseasonalized to focus on synoptic-scale correlations. We find strong 22 positive correlations of PM 2.5 components with temperature in most of the US, except for 23 nitrate in the Southeast where the correlation is negative. Relative humidity (RH) is generally 24 positively correlated with sulfate and nitrate but negatively correlated with organic carbon. 25 GEOS-Chem results indicate that most of the correlations of PM 2.5 with temperature and RH 26 do not arise from direct dependence but from covariation with synoptic transport. We applied 27 principal component analysis and regression to identify the dominant meteorological modes 28 2 controlling PM 2.5 variability, and show that 20-40% of the observed PM 2.5 day-to-day 1 variability can be explained by a single dominant meteorological mode: cold frontal passages 2 in the eastern US and maritime inflow in the West. These and other synoptic transport modes 3 drive most of the overall correlations of PM 2.5 with temperature and RH except in the 4 Southeast. We show that interannual variability of PM 2.5 in the US Midwest is strongly 5 correlated with cyclone frequency as diagnosed from a spectral-autoregressive analysis of the 6 dominant meteorological mode. An ensemble of five realizations of 1996-2050 climate 7 change with the GISS general circulation model (GCM) using the same climate forcings 8
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shows inconsistent trends in cyclone frequency over the Midwest (including in sign), with a 9 likely decrease in cyclone frequency implying an increase in PM 2.5 . Our results demonstrate 10 the need for multiple GCM realizations (because of climate chaos) when diagnosing the effect 11 of climate change on PM 2.5 , and suggest that analysis of meteorological modes of variability 12 provides a computationally more affordable approach for this purpose than coupled GCM-13 CTM studies. 14 15
Introduction 16
Air pollution is highly dependent on weather, and it follows that climate change could 17
significantly impact air quality. The pollutants of most public health concern are ozone and 18 fine particulate matter with diameter less than 2.5 µm (PM 2.5 ). Studies using chemical 19 transport models (CTMs) driven by general circulation models (GCMs) consistently project a 20 worsening of ozone air quality in a warming climate (Weaver et al., 2009 ). This finding is 21 buttressed by observed correlations of ozone with temperature that are well reproduced by 22 models (Jacob et al., 1993; Sillman and Samson, 1995) . By contrast, GCM-CTM studies of 23 the effect of climate change on PM 2.5 show no consistency even in the sign of effect (Jacob 24 and Winner, 2009). In previous work (Tai et al., 2010) , we examined the observed 25 correlations of PM 2.5 and its components in the US with meteorological variables as a means 26 to understand PM 2.5 response to climate change. Here we develop this approach further to 27 define meteorological modes of variability for PM 2.5 and interpret the observed correlations 28 and modes using the GEOS-Chem CTM. We apply the Goddard Institute for Space Studies 29 (GISS) GCM to illustrate how the modes enable effective diagnosis of the effect of climate 30 change on PM 2.5 . 31 The uncertainty in assessing climatic effects on PM 2.5 reflects the complex dependence of 1 different PM 2.5 components on meteorological variables. Higher temperatures can lead to 2 higher sulfate concentrations due to faster SO 2 oxidation, but to lower nitrate and organic 3 components due to volatility (Sheehan and 
where y represents the deseasonalized PM 2.5 concentration (total PM 2.5 or individual 8 component), x k represents the eight deseasonalized meteorological variables from GEOS-5 9 listed in Table 1 , Table 1 , can be recovered by 21
The observed coefficients of determination ( standardized MLR analysis, we also conducted a stepwise MLR analysis with interaction 26 terms as described by Tai et al. (2010) . The interaction terms were generally found to be 27 insignificant. 28 We conducted the MLR analysis for the model at all three resolutions (0.5°×0.667°, 2°×2.5°, 1 4°×5°) and found the patterns of correlations to be similar. Figure 2 temperature, but we find in GEOS-Chem that this is more than offset by the increased 30 volatility of H 2 O 2 and SO 2 , slowing down the in-cloud aqueous-phase production of sulfate. 31
In any case, it is clear from the model that the observed positive relationship of sulfate with 1 temperature must reflect covariation of temperature with meteorological variables rather than 2 a direct dependence. We elaborate on this in Sect. 4. 3 Nitrate in the observations shows a negative relationship with temperature in the Southeast 4 but a positive relationship in the North and the Southwest. The model reproduces these results 5 except for the positive relationship in the Southwest. The negative relationship in the model is 6 too strong in the South but the higher-resolution 0.5°×0.667° simulation does not show such a 7 bias (Fig. 2) . The direct sensitivity of nitrate to temperature in the model is negative 8 everywhere, with magnitude comparable to that found by Dawson et al. (2007) , reflecting the 9 volatility of ammonium nitrate (Stelson and Seinfeld, 1982) . We see from The precipitation effect appears to be primarily driven by large-scale rather than convective 11 precipitation in the US. regression to total sum of squares (SSR j /SST) for each PC (U j ) is calculated by 7
where t refers to time and the summation is over the entire time series of Y and U j . This ratio 9 quantifies the fraction of variance of PM 2.5 that can be explained by U j alone. From Eq. (3) 10 and (4), the fraction of the overall correlation of PM 2.5 with a given meteorological variable X k 11 (e.g., in Fig. 4 through 6 ) that is associated with a particular PC U j can be estimated by the 12 shows, for instance, that as the PC value rose from a minimum to maximum between 28 and 6 30 January 2006 in the Midwest, a mid-latitude cyclone was approaching and the associated 7 cold front swept over the region bringing down total PM 2.5 by 9 µg m -3 . 8
The analysis above was conducted for all regions of Fig. 1 . Table 2 summarizes the 9 characteristics of the dominant PC controlling PM 2.5 variability for five selected regions. In 10 the eastern US (Northeast, Midwest and Southeast), the observed dominant modes resemble 11 that for the Midwest described above (Fig. 6 ). In the Northeast, another mode representing 12 southwesterlies associated with high pressure over the western North Atlantic is equally 13 important. In the western US (Pacific Northwest and California), the principal mode has 14 similar meteorological composition to that in Fig. 6 except for wind direction. Positive phases 15 of this mode represent ventilation by cold maritime inflow associated with synoptic 16 disturbances. In general, the PCR results illustrate the importance of synoptic-scale transport 17 in controlling the observed daily variability of PM 2.5 . As shown in Table 2 , this control 18 appears to be well represented in GEOS-Chem, supporting the ability of the model to describe 19 the variability in PM 2.5 associated with this transport. 20 We find overall that the transport modes, i.e., PCs with high |α kj | values for geopotential 21 height, pressure tendency, and wind direction, account for more than 70% of the observed 22 showed a significant increase of 2.7 a -1 and another showed no significant change. Figure 9  10 shows the combined probability distribution of cyclone frequency change from all five 11 realizations and the corresponding responses of annual mean PM 2.5 based on the PM 2.5 -to-12 cyclone period sensitivity reported above, indicating a roughly 70% probability of reduced 13 cyclone frequency and elevated PM 2. 
Conclusions 29
Projecting the effects of climate change on PM 2.5 air quality requires an understanding of the 30 dependence of PM 2.5 on meteorological variables. We used here a multiple linear regression 31 model to correlate both observed (EPA-AQS) and simulated (GEOS-Chem) daily mean 32 14 concentrations of total PM 2.5 and its major components with a suite of meteorological 1 variables in the contiguous US for [2004] [2005] [2006] [2007] [2008] . All data were deseasonalized to focus on 2 synoptic correlations. We applied principal component analysis (PCA) and regression to 3 identify the dominant meteorological modes controlling PM 2.5 variability, and showed how 4 trend analysis for these modes can be used to estimate the effects of climate change on PM 2.5 . 5
We observe strong positive correlations of all PM 2.5 components with temperature in most of 6 the US, except for nitrate in the Southeast where the correlation is negative. A temperature 7 perturbation simulation with GEOS-Chem reveals that most of the correlations of PM 2.5 with 8 temperature do not arise from direct dependence on temperature but from covariation with 9 synoptic transport. Exceptions are nitrate and OC in the Southeast, where the direct 10 dependence of ammonium nitrate thermodynamics and biogenic VOC emissions on 11 temperature contributes significantly to the correlations. RH is generally positively correlated 12 with sulfate and nitrate but negatively correlated with OC; the correlations also appear to be 13 mainly driven by covariation of RH with synoptic transport. Total PM 2.5 is strongly negatively 14 correlated everywhere with precipitation and wind speed. 
